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Theoretical Aspects of Double Beta Decay
W. C. Haxton
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ABSTRACT
A summary of recent work in the
theory of double beta decay is

given.

1. Introduction

Considerable effort has been expended recently in theoretical
studies of double beta decay. Much of this work has focussed on the
constraints this process places on gauge theories of the weak inter-
action, in general, ard on the neutrino mass matrix, in particulsar. In
addition, interesting nuclear structure questions have arisen in
studies of double beota decay matrix elements. After briefly reviewing
the theory of double beta decay, I will summarize some of the progress
that has been made in these areas.

Double beta decay ir the process by which a parent nucleus (A,7)
can decay to a daughter (A,Z*2) by emitting two electrons or positrons.
This procecss can be observed because the nuclear pairing force in-
creases the binding energy of nuclei with even numbers of protons and

neutrons relative to those with odd numbers. Consequently the ordinary
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B decay of an ever-even nucleus (A,Z)*(A,Z%1) is frequently forbidden
energetically, leaving PP decdy as the only allowed decay mode.

The question historically associated with PP decay is whether the
electron neutrino should be described by a Dirac field (velae) or by a
Majorana field (ve=ve). As any fermion having a charge or a magnetic
moment necessarily has a distinct antiparticle, the aeutrino is unique
in permitting these alternative descriptions. Prior to 1957 it was
believed that BB decay experiments had determined which of these des-
criptions was correct. We define the electron neutrino and its anti-
particle by

| n+p+e-+\->e (1a)
v tnopte (1b)
It follows that the decay (A,Z)+(A,Z+2) can occur by successive B
decays (Eq. (la)) with virtual excitation of the intermediate nucleus
(A,Z+1), as shown in Fig. 2a:
2n+n+p+e-+"e-’2p+2e-+25e ‘ (2)
The occurrence of this 2v sequence does not depend on the charge con-
jugation properties of the neutrino. A second decay mode (first dis-
cussed by Racahz)) will occur only if the neutrinc is a Majorana perti-
cle
2n->n+p+e-+5e
=ntpte +v _+2p+2e (3)
producing a neutrinoless final state, as shown in Fig. 2b.
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The prejudice for a conserved lepton number grew out of tas ob-
servation that, for a Majorana neutrino, the expected rates for th»
processes shown in Fig. (2) are

uJ2\) - (10-20-10-24)/y

w0v - (10-13-10-15)/y :
reflecting the phase space difference between 2v and Ov BB decay. By
1951 a series of geochemical, counter, and rzdicchemical experiments
had established

WEXP < 10-18/y
leading to the conclusion that the neutrino must be a Dirac particle to
explain the absence of 0v decay. Lepton number was introduced as the
quantum number distinguishing the ne:trino from its antijparticle,
E(ve)=+1 and Q(ve)=-l.

The experimental verification of apparent maximal parity vio~

3)

lation™  in B decay exposed a flaw in this argument. The neutrinc and
antireutrino participating in Eqs. (1) ar¢ left-handed and right-.

handed, respectively:

n—»p+e'+\'>f:H ‘ (1a%)
v&H+n*p+e- (1v7)
Thus the Racah sequence for a Majorana neutrino
2n*n+p+e-+5R¥ RH -
= ntpte +ve # 2pt2e

is forbidden because the right-handed neutrino has the wrong helicity
to complete the last step. Therefore the absence of this decay mode
implies neither a Dirac neutrino nor a conserved lepton number.

The intense modern interes® in double beta decay stems from the
expectation in grand unified theories that this "ys-inVariance” of the
weak leptonic current is, in fzct, only approximate. Bec.use of the
favorable phase space for Ov Bf decay, experimertal bounds on this
process can place very stringent constraints on the masses and right-
handed couplings of possible Majorana neutrinos. For instance, some

4)

GUTS predict Majorana masses of the form

= g



where the Dirac mass MD may be that of a quark or charged lepton. The
experimental talks in this session will describe efforts to probe
masses m, ~ 1 eV in modern searches for Ov BB decay. Thus, for HD ~ (1
MeV - 1 GeV), these experiments will test mass scales MR ~ (103-109)
GeV, a range that begins at the highest energies directly accessible in
modern accelerators.

2. Two-neutrino BP Decay in the Standard Model

I begin with a brief description of the 2v BB decay process shown
in Fig. 2a. Two approximations are frequently made by theorists:

i) Each nuclear B decay is evaluated in the allowed approximation
where only the Fermi and Gamow-Teller operators (t (i) and 3(i)r+(i))
are retained;

ii) The sum over virtual intermediate nuclear states is performed
by closure after replacing the nuclear excitation energy appearing in
the energy denominator by an average value.

The first approximation restricts the states populated in the
daughter nucleus by the decay of a 0+ parent to those with Jn=0+,1+,
and 2+. In fact, decays to 1+ and 2+ states are strongly suppressed.

+
Decays between 0 states are mediated by two matrix elements

Mop = <O¢lh 2 8(1)-8(1)T, (1)1, (3)107> (42)
Moo= <0Fh I T ()T,(3)10D> (4b)
F f i + + i

The double Fermi matrix element vanishes in the limit of good isospin
and quite generally is small. Thus the decay rate can be written

approximately as

2
Way ~ for IMgr! ()
where the phase space factor fGT is
11 4 ~11
. . 2m, (G cosec) Fz(z) [T7 . T, |
GT n77! <E>2 o 1980

with Oc the Cabibbo angle, F(2z) a correction for distortions of the



electron plane waves in the Coulomb field of the nucleus, <E> the
average intermediate state excitation energy, and To the total kinetic

energy carried off by the leptons in units of mecz.

3. Neutrinoless BB decay

I use the following effective P decay Lagrangian density

G cos 6 _ _ .
L(x) = ——3:—-—— lwe(x)y“(l-ys)wv (x)U(X)Yp((1'75)+nLR(1+Y5))d(X)
2 L
+ B GOV (D) GOU)Y, (Mg (1Y) ¥y (1-¥5))d ()]
R
+ L (x) (6)

with ¢ (x), ¢. (x), ¥° (x), u(x), and d(x), the electron, left- and
e vp Vg
right-handed neutrino, and the u and d quark fields. The usual V-A

Lagrangian of the standard model is obtained by setting nLR=nRR=nRL=O.
Note that LR nRR’ and Ngp are defined so that the first subscript
refers to the leptonic current (left- or right-hand(d) and the second
to the hadronic current. The right-handed couplings MRR and NRL €%°
plicitly break the ys-invariance of the weak leptonic current.

The left-and right-handed current neutrino fields can be written

in terms of 2n Majorana mass eigenstate fields vi(x), where n is the

numbes of generations (e,u,T, ...) in som: underlying theory:
2n 2n
by = 2 Uﬁivi by =2 Uii Vi (1)
L i=1 R i=]

The coefficients U&i and Uzi that express the current fields in terms
of the mass eigenstate fields can be determined by diagonalizing the

4nx4n mass verm

R TT T T c
T *
0 0 MD MR WR
t t
M My 0 0 by
M* M 0 o +C
p MR Vg

(8)



=1

where wc = CYC ~ with C the -’ irge conjugation operator.

The Majorana

fields vi(x) can be written in terms of four-component Dirac spinors as

m
v G0y = SR R L ole,, UG, )t >

(2m) P,

i -ip-x
+ Alel(p,s)V(p,s)e P

(9)

The following approximations are made in deriving the decay rate:

(1) Only the Fermi and Gamow-Teller nuclear B decay operators and

electron s- and p-waves are retained.

(2) The closure approximation is invoked in the sum over virtual

nuclear states. This approximation is better justified than in 2v

decay because of the presence of an energetic virtual neutrinc in the

intermediate state.

(3) L(x) is taken to be CP-invariant.

(4) All neutrino mass eigenstates are assumed to be light (£ 10

MeV) on the scale of nuclear erergies.

The last two approximations are made to simplify this present-

ation,

As a consequence of (4) one finds that the Ov rate formulae depend

on separate particle physics and nuclear physics quantities.

depends quadratically on the lepton~-numbei-violating masses and

couplings
2n
) cP L 2
My LL i§1 Ap U my
2n

. _ P L
Rp <171 With <1>pg -151 Ai Veiles
"Rr 1’LR

2n

2 _ 2 cP 2
"RR “™’RR ¥ "R 2 M Vg ),

The rate

(10a)

(10b)

(10¢)

(104d)

with m ¢ 0 and with Agp = 1 i the CP eigenvalue of the mass eigenstate



(CPei(p,s)(CP)-1 = Agpe(-p,s)). Note that the mass terms involve
either left-handed or right-handed neutrino fields, while the right-
handed coupling terms depend on the interferences Uﬁiuii between left-
and right-handed neutrinos.

Experimental limits on Ov BB decay constrain the strength of the
right-handed current couplings and the form of the neutrino mass matrix.
Several limiting forms of the mass matrix have interesting consequences
for BB decay:

(1) The Dirac limit, ML=MR=O, MD#O. The mass matrix diagonal-
ization yields pairs of degenerate Majorana mass eigenstates with
opposite CP. These pairs cancel explicitly in the expressions for
<mv>LL’ <mv>RR’ and <1>LR' As‘it must, the rate for Ov BB decay van-
ishes in the Dirac limit.

(2) The pseudo-Dirac limit,S) which I define as ML=MR << MD with,
for simplicity, n=i1. Two nearly degenerate Majorana mass eigenstates
m, = IMDtMLI with opposite CP result. One finds <mv>iL = <mv>§R = Mi.
Thus the relevant mass in BB decay is the small mass splitting of the
mass eigenstates.

(3) The Gell-Mann, Ramond, Slanskya) limit, M,=0, MD¢0,
IMRI>>IMD|, with n=i for simplicity. One light and“one heavy mass

eigenstate result. These contribute dominantly to wv and ¢6 , re=
L R
spectively The light mass contribution to <mv>YL is proportional to

2
MD/MR.
The Ov BB decay rate also depends quadratically on a variety of

+ _+
nuclear matrix elements. For 0 0 decay these are

g(r..)

Oply IT,)1,05) 8()-3(3) — jo*> (11a)

i i]
g(r..)

©'ly 1T )G 2 o | (11b)
ij ij

w'le 3 _ g BDE B 8(’113 +

glh : LT (G)E ol e0(f) —== 10, (11¢)
J 1
o+ , e . > > g(ri')Ri' +
Oplh T LT GRpCp -3y A ot

ij (11d)



where ¥.. = r.-r, and R,, = r,+r.. One can take g(r..) ~ ! for light
ij i ij i"j ij

neutrinos (mv << 1/R°, with Ro the nuclear radius). As only the first
two matrix elements contribute to terms in the decay rate proportional
to <mv>iL, in this limit there is a close analogy between the matrix
elements governing 0v and 2v decay.

Before making a connection between experiment and the parameters
governing lepton number violation, these nuclear matrix elements must
be evaluated. The approach followed by our group in Los Alamoss) is
based on the nuclear shell model. My discussion here of the nuclear
physics will be only qualitative.

The similarity between some Ov matrix elements and those mediating
2v decay suggests a natural check on calculated Ov decay rates: do the
nuclear wave functions reproduce known 2v decay rates. The results
shown in the table are surprising. Theory predicts a suppressed rate
for 48Ca, in agreement with the measurement of the Columbia group6),
and a rate for 82Se near that found in the cloud chamber experiment of

Moe and Lowenthal.7)

However, the three geochemical total BB decay
rates are significantly slower than the theoretical 2v rate estimates.
The most alarming discrepancy exists for the Te isotopes, with the
theoretical and experimental absolute rates differing by two order of
magnitude. In the case of 82Se two experimental techniques (cloud
chamber measurements ind geochemical determinations) give results that
disagree by as much as a factor of 25. The theoretical rate, though

closer to the cloud chamber result, is bracketed by these measurements.



Table 1: Calculated and Experimental Double Gamow-Teller Matrix

Elements MGT
M 13 M|

Nucleus GT theory GT exp

48¢, 0.22 50.20%)

76Ge 1.28

825e 0.94 1.517)
0.40%
0.29%)

1287¢ 1.47 0.21-0.2519)
<0.1911)

1307¢ 1.48 0.11-0.1411
0.1910)

Why have such large discrepancies between theory and geochemistry
received so little attention previously? One point overlooked until
recently is the enhancement of the phase space by relativistic effects

5).

creases the theoretical rates for the Te isotopes by factors of 4 to 5.

in the Coulomb distortion of the outgoing electron waves This in-
A second and perhaps more important point is the tendency for naive
nuclear calculations to underestimate decay rates. Consider the double
Gamow-Teller operator (Eq. (4a)). In a simple description for the Te
isotopes one might restrict the valence neutron holes to the 1h11/2
shell and the valence protons to the 137/2 and 2d5/2 shells. Because
the valence protons and neutron holes have different orbital angular
momenta, MGT=0' Clearly one should require of a realistic calculation
that the shell model basis for the final state include those con-
figurations that can connect to the initial state via the double Gamow-
Teller operator, and conversely. If this condition is satisfied the
prediction for MGT should depend on the character of the nuclear force,
not on spurious effects associated with basis truncation.

Calculations attempting to respect this 'sum rule" constraint have

5)

been performed with the shell model,

12)

with the random phase approxi-

13)

mation, and with the Nilsson-pairing model. The results are



quite similar. The Nilsson-pairing calculations demonstrate explicitly
that Fhe nuclear pairing force is responsible for the strong matrix
elemeﬁts derived in the shell model. Although one can obtain matrix
elments in agreement with geochemistry by significantly weakening this
component of the nuclear force, such an adjustment runs contrary to
prevailing prejudice. Note that this dependence of BB decay on the
pairing force contrasts with that of single B decay, where transition
rates tend to diminish as the strength of the pairing force is in-
creased.

Finally, a remaining worry is the use of the closure approximation
in place of the inverse-energy-weighted sum over virtual intermediate
nuclear states. It is difficult to avoid this approximation in cal-
culations of sufficient complexity to be otherwise realistic.

The uncertainties stemming f:rom the three-sided discrepancy be-
tween nuclear theory, geochemistry, and laboratory experiments clearly
affect the confidence we have in Bb decasy limits on lepton number

violation. One way of parameterizing this uncertainty depends on a re-

lation suggested by Primakoff and Rosen14)
g(r..)
<Oplh I T ()T, ()-8 L 10>
i ij - L
+ , _ N
Oplh I T, ()7T,()E) 5310 %o

ij

where RO is the nuclear radius. For the shell model calculations in

76Ge, 82se, 128Te, and !30Te this proportionality between matrix ele-
ments holds rather well, though with a somewhat different strength

(Ro*(0.58i 0.03)RO). Thus a reasonable procedure may be to scale al]

theoretical matrix elements by a common factor chosen to fit a given

experimental 2v rate. The scale factors determined from conflicting
experiments provide a measure of the associated uncertainty in the

limits on lepton number violation.

Those limits imposed by the 7%Ge and 82Se Ov BB decay results,

ov 22y15)

<510

11/2 < and < 3.1°1021 y,16) respectively, are shown in Figs.

3. and 4. The dashed lines in Fig. 4 correspond to scaled calculations.

10



Fig. 3 employs theoretical matrix elements only because the 78Ge 2v

decay rate is not known. (Note that Prof. Fiorini is reporting an im-

proved bound on Iov

Figure 3
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It may be possible to circumvent the question of matrix element

normalization in one case.

Pnntecorvo,l7)

in his discussion of Ag¢=2

superweak interactions, suggested that, as the BB decay matrix elements

for the neigiiboring nuclei 128Te and 130Te are likely similar, the

ratio or these decay rates may depend primarily on phase space.

this assumption one finds
(
11/2\128) i}
t1/2(130) l

5130, 2v decay

With

25, Ov decay with <mv> £ 0
116, Ov decay with NRL ¥¥)LR #0

The experimental result of the Missouri grouplo)

T1720128)

= 1580
T1/2(130)

is bracketed by the 2v and Ov ratios and, as Brymar and Picciotto

suggested,la)

may indicate that both modes contribute.

Some choices



for the parameters governing lepton number violution that would generate

this ratio are given by the solid curves in Fig. 5.

(o)
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Figure 5

Heide!deorg 0™ | pmmmmmmma

A recent Heidelberg resultll), however, conflicts with the

Missour: value

t1 2(128)

(130) > 3040, 95% C.L.

Y172
This value is consistent with 2v decay and imposes stringent bounds on
lepton n' ber violation, as shown by the lashed curves in Fig. 5.
In summary, the results in Figs. 3, 4, and 5 show <mU>LIF(4-l9)
eV, with the range reflecting the experimental and theoretical uncertain-

(1-57+107°. A
19)

ties discussed previously. One also finds lnRL(];LRls
recent interpretation of the ITEP tritium B decay measurements
suggested m, ~ 312 eV ard, as a bound independent of atomic physics,
va 20 eV. Thbus, pending verification of these results, present BB
decay studies could rule out the possibility that the electron neutrino
is a Majorana mass eigenstate. The ITEP results have also raised
speculations atout multiple mass eigenstates. One possibility, m ,~ 22

1
eV (95%) and m, ~ 114 eV (5%), would yield a BB decay mass of NS

P2 LL

12
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15 eV for Majorana mass eigenstates with opposite CP. This result may
be marginally consistent with limits on Ov BB decay and, because of the
small mixing angle, with Dounds on neutrino oscillations (see Prof.
Rcehm's talk at this meeting).

Jf heavy Majorana neutrinos couple to the electron, the appro-
priate propagator is

g(r,.) e—mvrij

—_— 2> -

(12)

r r..
ij ij
I1f both light and heavy neutrinos contribute to the 0Ov decay amplitude,
the different radial dependence of .he propagators prevents a simple
factorization of the nuclear physics from the particle physics coupl-

ings. Some perverse consequences of this have been discussed by Halprin,

Petcov, and Rosenzo) and by our group at Los Alamos.l).
If only heavy neutrinos with masses large compared to the inverse
size of the nucleon contribute, matters simplify. One findsl)’ZI)
<e°mvrij> " 2 <L F >
——;;3—— ~ (a;) ;;; (MArij) (13)

where HA is the nucleon form factor mass. Thus, again only a common
radial integral arises. The nucleon finite size leads to a soft l/mi
dependence of the PP decay matrix elements. A rough estimate of the
limits imposed by the 7Ge Ov BB decay half life on the coupling of a

single massive Majorana neutrino is given in Fig. 6. For mv~1 GeV one
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Interest in 0+-»2+ Ov BB decay was stimulated by the discussions of
22) . 23) ‘
and Doi et al. .

handed couplings NRL and ORR* Calculations

Rosen Ths process can only occu. via the right-

1)

straints on these couplings imposed by bounds on O+~>2+ decay are much

indicate that the con-

less stringet than those from 0+->0+ decay. Of course, if Ov BB decay
is discovered, this process could prove of great value in distinguish-
ing neutrino mass effects from those of right-handed currents. An addi-
tional reason for interest in 0*-’2+ decays is the existence of single
hadron mechanisms (e.g., n**A++).

Various authors have receiacly discussed several exotic mechanisms
for Ov Bp decay. Estimates of the importance of the Higgs exchange
mechanism (Fig. 7b), first considered by Mohapatra and VergadOSZA),
have varied widely depending on specific assumptions in the nuclear and
particle physics. Neutrinoless BB decay accompanied by Majoran pro-
duction has been discussed by Georgi, Glashow, and Nussinovzs) (Fig.
7a). This process would thwart conventional searches for Ov decay
because it does not produce the characteristic spectrum of electron
pairs with a fixed total energy. One interesting consequence of this
mechanism is the occurrence of neutrinoless double electron capture in
the absence of an accidental energy bal-nce between the initial and
final states.

I thank S. F. Rosen, G. J. Stephenson, Jr., and D. Strottman for

many interesting discussions and collaborations.

Figure 7: Majorana and Higgs exchange mechanirms.
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